Background and Purpose This study assessed the long-term outcomes of disease-modifying therapies (DMTs) in Korean multiple sclerosis (MS) patients treated in real-world clinical settings in Korea.
INTRODUCTION
There have recently been substantial advances in the treatment of relapsing-remitting multiple sclerosis (RRMS). Numerous disease-modifying therapies (DMTs) are currently available for early aggressive interventions in patients with RRMS. Although general conclusions have been drawn about the efficacy of DMTs from randomized controlled trials, observational studies in real-world settings are essential for documenting the long-term impact of DMT in the wider population. Such studies can provide insight into the predictors of a response to treatment for MS, which will be useful for daily treatment decision-making. Numerous observational studies of MS patients receiving DMTs in Western countries have shown long-term treatment benefits and identified several predictors of a poor prognosis. [1] [2] [3] [4] [5] The prevalence of MS is lower in Asia than in Western countries, and there is less data available about the long-term treatment outcomes of DMTs and predictors of a treatment response in Asian MS patients.
MS is considered to be a rare disease in Korea. 6 All Korean MS patients are eligible to 
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receive financial support for medical care from the government. The treatment era for RRMS began in 1993, and 11 DMTs have been approved by the Korean Food and Drug Administration in line with the global expansion of therapeutic options for MS. However, the effect of these drugs in Korean patients, the remission of disease activity, and the long-term benefits with respect to disabilities are not fully understood. The present study therefore aimed to determine the long-term impact of DMTs on the remission of disease activity and the prevention of disability progression in Korean MS patients. We also estimated 1) how many patients achieve a status of no evidence of disease activity (NEDA), as measured by relapses, disability, and magnetic resonance imaging (MRI) over 2 years, 2) whether the loss of NEDA within 2 years can predict long-term disability progression, 3) how many patients require treatment escalation following first-line treatment, and 4) predictors of a poor response to first-line treatment.
METHODS

Patients and definitions
This was a multicenter retrospective cohort study conducted in four MS referral hospitals in Korea. We included consecutive patients, seen up until July 2017, who had an initial diagnosis of clinically isolated syndrome (CIS) or RRMS according to the 2005 McDonald criteria 7 and were treated for a minimum of 2 years. CIS was defined as an initial clinical demyelinating event with findings in brain MRI consistent with MS. 8 We excluded patients with progressive-onset disease without relapses and patients for whom treatment with mitoxantrone was initiated. We performed a retrospective analysis of the demographic information of the enrolled patients, key episodes in their MS course (relapses, onset of the progressive course, and time point when the disability was assigned as being irreversible), MRI findings (whether there were 10 or more high-intensity lesions in initial T2-weighted MRI 4 and new/enlarging T2-weighted lesions or gadolinium-enhanced lesions in follow-up MRI), and treatment history. The number of lesions in MRI and the disability status [based on the Expanded Disability Status Scale (EDSS)] were evaluated by neurologists at each center. The MS severity score (MSSS), calculated by adjusting the EDSS score according to disease duration, was used as a marker of disease severity. 9 The MSSS reflects disease severity, with higher scores reflecting a shorter time to reach a particular level of disability, and allows comparisons between multiple patient cohorts. 10 The present study was approved by the ethics committees of the participating hospitals (IRB No. NCC2014-0146, KC17T-EDI0427, 201607040).
The first MRI scans were obtained within 3 months of the onset of CIS. Brain MRI was performed every 1-3 years after the initial MRI and subsequent relapses. Ninety-seven patients underwent brain MRI annually and were thus assigned an NEDA status of 3 (NEDA3; corresponding to no relapses, disability progression, or new/enlarging MRI lesions) for the initial 2 years, as opposed to a status of 3 for evidence of disease activity (EDA3) when at least one of these conditions was present. The MRI studies were conducted at each center using a 1.5-tesla or 3.0-tesla scanner, and the slice thickness varied from 3 to 5 mm. MRI scans consisted of at least T1-and T2-weighted images, FLAIR images, and T1-weighted images with gadolinium enhancement.
An MS relapse was defined as the occurrence, recurrence, or worsening of symptoms of neurological dysfunction lasting for more than 24 h; this usually progressed to partial or complete remission. 11 A poor response to first-line treatment was defined as 3 months of confirmed progression of the EDSS score and/or switching of therapy due to ongoing disease activity (i.e., clinical relapse or MRI activity). Disability progression was defined according to the baseline EDSS score. To reduce the inherent noise in transitions between EDSS scores of 0 and 1.0, increases in the EDSS score of at least 1.5, 1.0, and 0.5 points were required for subjects with baseline EDSS scores of 0, 1.0-5.0, and >5.0, respectively.
12 Disability progression at the last follow-up was confirmed when the patient next visited, in accordance with the routine clinical practice (once every 3 months) in the absence of relapse at the time of assessment.
Statistical analysis
Descriptive statistics (e.g., mean±standard-deviation values) were used for continuous variables. Categorical variables were described as numbers and percentages of subjects in each group. Logistic regression was used to determine whether baseline demographic, clinical, radiological, and laboratory features of the patients were correlated with EDA3 over the initial 2 years, disability progression, or poor response to first-line treatment. 
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RESULTS
This study enrolled 160 patients: 3 with CIS, 152 with RRMS, and 5 with secondary progressive multiple sclerosis (SPMS). At the initiation of DMT, 13 had CIS and 147 had RRMS. The baseline characteristics of subjects are summarized in Table 1 . Their age at the onset of MS was 29.2±9.7 years, the femaleto-male ratio was 2.07, and the disease duration from clinical onset to the last visit was 8.2±5.2 years. Treatment was started at a median of 1 year (range, 0-22 years) after the clinical onset of MS, and the treatment duration was 5.7±3.3 years. Of 47 patients for whom treatment was initiated at the first attack, 12 (26%) had progressed to clinically definite MS. Compared to the pretreatment phase, the annualized relapse rate (ARR) was significantly reduced during the treatment (from 1.0±0.8 to 0.2±0.4, p<0.001). The median MSSS at the time of the initiation of DMTs was 4.27 (range, 0.24-8.64) in 89 patients for whom at least 1 year had elapsed between disease onset and treatment, with a median MSSS of 1.77 (range, 0.04-9.08) at the last follow-up. Globally, significant worsening in EDSS score during the treatment period was observed in 29 patients (18%). Of the 106 and 35 patients who were treated for at least 5 and 10 years, respectively, 26 patients (25%) and 14 patients (40%) experienced disability progression. At the last follow-up, 30 patients (19%) had an EDSS score of ≥3 and 9 patients (6%) had an EDSS score of ≥6.0. Among 60 patients with a disease duration of at least 10 years, 5 (8%) progressed to SPMS and 8 (13%) had an EDSS score of ≥6.
Most of the patients were initially treated with interferon β (IFNβ) (n=152) [91 with subcutaneous (s.c.) IFNβ-1b, 51 with s.c. IFNβ-1a, and 10 with intramuscular (i.m.) IFNβ-1a), while 6 were started on glatiramer acetate, and 2 on teriflunomide (Fig. 1A) . During the follow-up, 81 patients (51%) had remained on their first treatment regimen, while 79 patients (49%) had changed their treatment regimen due to lack of efficacy (n=53, 67%), side effects (n=23, 29%), or other reasons (n=3, 4%). Thirty-four (21%) patients escalated to a second-line DMT [natalizumab (n=4), alemtuzumab (n= 17), fingolimod (n=8), or mitoxantrone (n=7)]. In patients switching DMTs due to lack of efficacy, the median time to the first switch (including lateral switching or escalation) was 2 years (range, 3-17 years), and the median time to the second switch was 1.4 years (range, 5-8 years). The first drug switch due to a lack of efficacy was observed after a median of 2 attacks (range, 0-25 attacks) during first-line treatment.
Four patients switched to mitoxantrone due to the progression of disability without clinical relapse when receiving the first-line injectable treatment. Since alemtuzumab and natalizumab were launched in Korea in 2015, the median time from the initiation of the first-line drug to these higher potency drugs was 4 years (range, 1.3-17 years), and the median treatment duration was 15 months. Fingolimod was not eligible for reimbursement until 2017, but 8 patients started this treatment in 2013 via the Drug-Free Communities Support Program. Among them, one switched to natalizumab due to persistent lymphopenia and one switched to alemtuzumab due to lack of efficacy. Of 29 patients who switched to fingolimod, natalizumab, or alemtuzumab, ongoing disease activity (i.e., clinical relapse or MRI activity) was observed in 10 patients (34%), and significant disability worsening was found in only (Fig. 1B) . At the follow-up there were no reports of serious adverse clinical events leading to treatment discontinuation.
In our cohort, 97 patients were eligible for an NEDA3 evaluation during the initial 2 years, and this resulted in NEDA3 being found in 37 of the patients (38%). To evaluate the utility of NEDA3 at 2 years as a predictor of long-term disease progression, we conducted subgroup analysis in patients who were treated for at least 5 years (n=106). The sensitivity, specificity, positive predictive value (PPV), and negative predictive value of EDA3 at 2 years for disability progression over a median of 7 years of treatment were 96%, 48%, 38%, and 97%, respectively. In univariable analyses, disease duration [odds ratio (OR)=1.194, 95% confidence interval (CI)=1.080-1.320, p=0.001] and EDA3 at 2 years were associated with progression of the EDSS score over a median of 7 years of treatment (OR=20.167, 95% CI=2.573-158.058, p=0.004) ( Table  2) . In multivariable analyses, EDA3 at 2 years (OR=14.444, 95% CI=1.770-117.819, p=0.013) was independently associated with disability progression.
Our cohort included 54 patients (34%) classified as poor responders to first-line treatment. Multivariable logistic regression analyses revealed that poor responses were independently associated with time (per year longer) from the disease onset to treatment (OR=1.238, 95% CI=1.001-1.533, p= 0.049) and the presence of 10 or more brain lesions in the initial MRI (OR=3.648, 95% CI=1.018-13.071, p=0.047) ( Table 3) .
DISCUSSION
The main aim of this study was to determine the long-term outcomes of DMTs in a cohort of Korean patients with MS and the predictors of a poor response to first-line treatment. Most of the patients (82%) achieved long-term stabilization of their disability (based on the EDSS scores) during 6 years of treatment. DMTs reduced the ARR by 80%. Escalation to higher potency therapy was observed in 21% of the patients, which stabilized the disease activity in most of them. Among 158 patients who started first-line injectable treatments, 23 patients (15%) switched their drug treatment regimens to lowfrequency administration, other types of injectable drugs, or oral agents due to their simplicity and convenience.
Our previous report on the clinical characteristics of 105 Korean MS patients demonstrated that the clinical pattern of 13 Before 2015, mitoxantrone was the only second-line treatment for which reimbursement was provided in Korea. This meant that our previous study could only evaluate the efficacy of IFNβ treatment, and 14 of 88 patients (16%) showed disability progression during approximately 3 years. Alemtuzumab and natalizumab were launched in Korea in 2015, while fingolimod was approved for reimbursement from the government in 2017. Eight of the patients in the present cohort started fingolimod in 2013 via the DrugFree Communities Support Program. Although the treatment duration was longer in the present study (mean, 6 years) than in our previous study, the proportion of patients with disability progression was similar (18% of 160 patients), which may be attributed to the effect of escalation with these therapies. Of the patients with a disease duration longer than 10 years (n=60), the proportions of patients who progressed to SPMS (8%) and reached an EDSS score of 6 (13%) were lower than those found in Western patients for the natural history of MS, with approximately 60% of the patients who were followed for 11-25 years from onset showing these outcomes. 14 It could be argued that the more-favorable outcome in the present cohort is due to the effect of racial differences in MS disease activity, and is only partially explained by treatment 15 reported that the median MSSS was significantly lower in Japanese patients (3.34) than in patients from the UK (5.87). MS may indeed be associated with less disability in Japan than in the UK, but because of differences in the number of patients (104 in Japan vs. 1,148 in the UK), the proportion of primary progressive MS patients (3% in Japan vs. 12.9% in the UK), and the proportion of patients receiving DMTs (83.7% in Japan vs. 17% in the UK) between the two cohorts, it is difficult to conclude that the MS disease activity is milder in Japanese patients than in UK patients.
In the present study, the median MSSS was 4.27 at the time of initiating DMTs, which is comparable to that of global cohorts, although the EDSS scores at the initiation of treatment may be confounded by the incomplete recovery from a prior attack in some patients. At the last follow-up, based on EDSS scores that were confirmed after ≥3 months, we observed a significantly lower median MSSS (of 1.77) than that at the time of DMT initiation. These findings suggest that the clinical course of our patients had been changed by the effectiveness of DMTs. The early initiation of treatment in our cohort (median, 1 year) may have stabilized the disease course and resulted in lower MSSSs during the ensuing years.
The subgroup analysis revealed NEDA3 at 2 years in 38% of our patients, which is slightly higher than the reported percentages (17.9-27.5%) of NEDA3 over 2 years in patients with RRMS in Western countries. 2, 16 The inclusion of CIS patients (8%) in the present study may have contributed to these higher rates, but this factor alone cannot explain the higher rates of NEDA3 observations in the present study. The retrospective design of our study meant that serial MRI scans were not obtained using the same MRI system and imaging protocols. In addition, a section thickness of 5 mm was used in the MRI protocols for some patients, and this is greater than that of ≤3 mm used in the standard protocol. These limitations of the MRI assessments might have resulted in low sensitivity for monitoring disease activity based on MRI findings and consequently contributed to the high rate of NEDA3 at 2 years that was observed in our study.
NEDA3 has become an important treatment goal and outcome measure in clinical trials, 17 but its utility as a predictor of long-term disease progression remains unclear. In the present study, EDA3 over 2 years had a negative impact on the risk of disability progression during a median of 7 years of treatment. However, the PPV of EDA3 over 2 years was only 38%, and the presence of EDA3 over 2 years did not necessarily predict future disability progression at the individual level. This finding is in agreement with recent studies in Western countries finding that EDA3 over 1-2 years had good or moderate sensitivity but relatively low specificity for the prediction of long-term disability progression. 16, 18 Regarding the low specificity of EDA3, Río et al. 19 recently reported that minimal disease activity [i.e., one relapse without an impact on disability, or the presence of minimal isolated radiological activity (one or two new T2-weighted lesions, or a single gadolinium-enhanced lesion)] did not confer a significant risk of the EDSS score worsening over a mean of 6.7 years of follow-up. Furthermore, the disease activity before the drug becomes effective should not be considered as EDA3 on treatment. 20 Finally, even if there is significant disease activity at the beginning of treatment, switching to more efficacious therapies within an appropriate timeframe can prevent the further deterioration of disability. 21 In our cohort, 34% of the patients were classified as poor responders (switching drugs due to lack of efficacy or disability progression) to first-line treatment. This poor response to first-line treatment was independently associated with delayed initiation of DMTs (per year longer) (OR=1.238, p= 0.049), which is consistent with current treatment guidelines to start DMTs early in order to obtain more-favorable outcomes. The presence of at least 10 high-intensity T2-weighted brain lesions in the initial MRI (OR=3.348, p=0.047) also increased the risk of a poor response to first-line treatment. A large observational study in Spain found that the presence of at least 10 high-intensity T2-weighted brain MRI lesions at baseline is the most-robust predictive factor for the conversion to MS and disability accumulation after controlling for all of the other variables examined. 4 Therefore, the presence of a large number of brain lesions at baseline may indicate high disease activity, and so these patients may require a high level of vigilance for the drug response during treatment and should be considered for early escalation if required.
The limitations of this study include its retrospective design and small sample. The small proportion of patients with SPMS or with an EDSS score of ≥6 in our cohort may have been due to selection bias. Since we included patients who had been treated for at least 2 years, patients who already had SPMS during the initiation of DMTs and did not maintain the drug for more than 2 years were likely to have been excluded from this study. Meanwhile, because the four included centers are referral centers in Korea, unintentional selection bias may have caused a greater inclusion of patients with on-going disease activity despite first-line treatment. In addition, because the use of second-line treatment with reimbursement has only been available in Korea since 2015, the duration of treatment of the higher-potency drugs may be insufficient for evaluating efficacy and safety. Nevertheless, this study is the first to provide insight into the real-world longterm benefit of DMTs in Korean patients with MS, and the proportion of patients with NEDA3 at 2 years based on an an-JCN nual MRI evaluation and its prognostic value for long-term disability.
In conclusion, the real-world benefits of DMTs observed in Korean patients seem to be similar to those found in previous observational studies and clinical trials in Western countries. 3, [22] [23] [24] Starting DMTs early could therefore lead to morefavorable outcomes. Additionally, patients with a large number of brain lesions at baseline may need to be monitored more carefully to track the effects of first-line treatments. Future studies should involve longer follow-ups, have larger samples, and examine newly developed second-line treatments in greater depth.
Conflicts of Interest
Park MS, Kim W, Huh SY, Shin HJ, and Hyun JW report no conflicts of interest. Kim SH has received a grant from the National Research Foundation of Korea. Kim HJ has given lectures at, provided consultation to, and received honoraria from Bayer Schering Pharma, Biogen, Celltrion, Eisai, Genzyme, HanAll BioPharma, MedImmune, Merck Serono, Novartis, Teva-Handok, and UCB; received a grant from the Ministry of Science & ICT; accepted research funding from Genzyme, Kael-GemVax, Merck Serono, Teva-Handok and UCB; serves on a steering committee for MedImmune; is a coeditor for the Multiple Sclerosis Journal-Experimental, Translational and Clinical; and is an associated editor for the Journal of Clinical Neurology.
